The adsorption of reovirus to clay minerals has been reported by several investigators, but the mechanisms defining this association have been studied only minimally. The purpose of this investigation was to elucidate the mechanisms involved with this interaction. More reovirus type 3 was adsorbed, in both distilled and synthetic estuarine water, by low concentrations of montmorillonite than by comparable concentrations of kaolinite containing a mixed complement of cations on the exchange complex. Adsorption to the clays was essentially immediate and was correlated with the cation-exchange capacity of the clays, indicating that adsorption was primarily to negatively charged sites on the clays. Adsorption was greater with low concentrations of clays in estuarine water than in distilled water, as the higher ionic strength of the estuarine water reduced the electrokinetic potential of both clay and virus particles. The addition of cations (as chloride salts) to distilled water enhanced adsorption, with divalent cations being more effective than monovalent cations and 10-2 M resulting in more adsorption than 10-3 M. Potassium ions suppressed reovirus adsorption to montmorillonite, probably by collapsing the clay lattices and preventing the expression of the interlayer-derived cation-exchange capacity. More virus was adsorbed by montmorillonite made homoionic to various mono-, di-, and trivalent cations (except by montmorillonite homoionic to potassium) than by comparable concentrations of kaolinite homoionic to the same cations. The sequence of the amount of adsorption to homoionic montmorillonite was Al > Ca > Mg > Na > K; the sequence of adsorption to kaolinite was Na > Al > Ca > Mg > K. The constant partition-type adsorption isotherms obtained when the clay concentration was maintained constant and the virus concentration was varied indicated that a fixed proportion of the added virus population was adsorbed, regardless of the concentration of infectious particles. A heterogeneity within the reovirus population was indicated.
The adsorption of reovirus to clay minerals has been reported by several investigators, but the mechanisms defining this association have been studied only minimally. The purpose of this investigation was to elucidate the mechanisms involved with this interaction. More reovirus type 3 was adsorbed, in both distilled and synthetic estuarine water, by low concentrations of montmorillonite than by comparable concentrations of kaolinite containing a mixed complement of cations on the exchange complex. Adsorption to the clays was essentially immediate and was correlated with the cation-exchange capacity of the clays, indicating that adsorption was primarily to negatively charged sites on the clays. Adsorption was greater with low concentrations of clays in estuarine water than in distilled water, as the higher ionic strength of the estuarine water reduced the electrokinetic potential of both clay and virus particles. The addition of cations (as chloride salts) to distilled water enhanced adsorption, with divalent cations being more effective than monovalent cations and 10-2 M resulting in more adsorption than 10-3 M. Potassium ions suppressed reovirus adsorption to montmorillonite, probably by collapsing the clay lattices and preventing the expression of the interlayer-derived cation-exchange capacity. More virus was adsorbed by montmorillonite made homoionic to various mono-, di-, and trivalent cations (except by montmorillonite homoionic to potassium) than by comparable concentrations of kaolinite homoionic to the same cations. The sequence of the amount of adsorption to homoionic montmorillonite was Al > Ca > Mg > Na > K; the sequence of adsorption to kaolinite was Na > Al > Ca > Mg > K. The constant partition-type adsorption isotherms obtained when the clay concentration was maintained constant and the virus concentration was varied indicated that a fixed proportion of the added virus population was adsorbed, regardless of the concentration of infectious particles. A heterogeneity within the reovirus population was indicated.
Human enteric viruses (e.g., poliovirus, coxsackievirus, reovirus) have been isolated from marine (34) , estuarine (19) , and river (11) waters and from edible shellfish (25) . The transmission to humans of hepatitis A virus (42) , Norwalk virus, and rotavirus (25, 65) , either directly or indirectly through sewage-contaminated potable or recreational waters and shellfish, indicates the threat of water-borne viruses to public health. The inability of wastewater treatment processes to inactivate viruses present in sew- age (29) suggests that viruses are readily passed into the environment during the disposal of effluents and sludges.
Human enteric viruses have been isolated in higher numbers from estuarine and marine sediments than from the water column (31, 49) , and laboratory studies showed that the survival of enteric viruses (51; S. M (i) Clays with a natural mixed complement of cations. Stock suspensions of K and M were prepared by three washings of each clay in distilled or synthetic estuarine water by centrifugation (10,000 x g at 4°C for 10 min). The clays were used either immediately or after temporary (i.e., <48 h) storage at 4°C.
(ii) Homoionic clays. Homoionic clays (clay minerals containing only one type of cation on the exchange complex) were prepared by the procedures of Dashman and Stotzky (12) and Harter and Stotzky (27) : K and M were suspended (4 g/100 ml) in freshly prepared 0.4 N Na2CO3 (pH 9.5), centrifuged at 60 and 160 x g, respectively, the greater than 5-,um fraction (containing the mineral impurities) was discarded, and the clay remaining in the supernatant was washed at least three times by centrifugation (40,000 x g for 10 min) with the appropriate chloride salt (0.5 N) to make the clays homoionic to Na, K, Ca, Mg, or Al. The homoionic clays were then washed (at least seven times) with distilled water until the supernatants were chloride negative, as determined with AgNO3. The size of the homoionic clay particles ranged from 0.6 to c 2.0 p.m in diameter (30) , and they were used shortly after their preparation.
Synthetic estuarine water. Instant Ocean (Aquarium Systems, Inc.) synthetic sea salts (24.8 g of synthetic The number of virus particles adsorbed was calculated by subtracting the titer of viruses in the experimental (clay) supematants from the control (no clay) supernatants. The percentage of virus adsorbed was determined from the ratio (x 100) of virus adsorbed in the experimental and control tubes.
(ii) Constant day versus varied virus concentrations. Reovirus stock was diluted (serial, 10-fold) in maintenance medium, and 1 ml of each virus dilution was added to 1 ml of distilled water containing pelleted K or M, which was suspended by blending in a Vortex mixer. The 2-ml virus-clay suspensions contained final virus titers ranging from 4.2 x 100 to 2.1 x 106 TCID s00.025 ml. The data represent a composite of 11 experiments with clay concentrations ranging from 0.5 to 3.0 mg of M and from 10 to 40 mg of K per 2 ml. Controls consisted of 1 ml of distilled water and 1 ml of maintenance medium containing the appropriate virus concentrations. The suspensions were agitated every 5 min for 30 min at room temperature and centrifuged at 10,000 x g for 10 min, and the supernatants were titered for infectious virus.
Adsorption of nonadsorbed virus by fresh clay. A 0.1-ml sample of stock virus was added to 0.9 ml of distilled water containing 1 mg of K or M. The suspensions were agitated every 5 min for 30 min and centrifuged at 10,000 x g for 10 min at 4°C, and infectious virus titers were determined in the supernatants. The supernatants containing unadsorbed reovirus were added to 1 mg of pellets offreshly prepared K or M, agitated, and treated as described above. The supernatants from the second clay-virus mixtures were added to another 1-mg pellet of fresh K or M, followed by titration of the resultant supernatants for infectious virus. The amounts of reovirus adsorbed by sequential 1-mg samples of fresh clay were calculated on the basis of virus present in the previous supernatants and do not represent cumulative titers.
Effect of cations on adsorption of reovirus by clays containing a natural nixed complement of cations. Samples (5.0 ml) of distilled water containing 10-2 or 10-M Na, K, Ca, or Mg as the chloride salt and either 5 mg of K or 0.4 mg of M were mixed with 0.1 ml of virus (1.1 x 108 TCID5W5.1 ml) for 30 min (with agitation every 5 min) and centrifuged at 10,000 x g for 10 min, and virus titers were determined in the supernatants. The control tubes were identical to the experimental tubes, except that no cations were added. Preliminary experiments, in agreement with the results of Floyd and Sharp (16) TCID50/0.025 ml ( Fig. 1 and 2) . In distilled water, a concentration of K approximately 20 times greater than that of M was required to adsorb an equal amount of virus, but this difference in the concentration of K and M was not as large (approximately 10 times more K than M was required) in estuarine water. In synthetic estuarine water, the adsorption of reovirus occurred at lower concentrations of both K and M. Adsorption of reovirus by K and M in distilled water (Fig. 3) or synthetic estuarine water (Fig.  4) appeared to be related to the CEC of the clays, indicating that adsorption occurred primarily to the negatively charged sites on the clays. The correlation between the adsorption of the virus and the CEC was independent of the type of water or the concentration of virus used, as a single isotherm was obtained when the percentage of added virus adsorbed in both waters was plotted against CEC (Fig. 5) . Adsorption by soils of coliphages (X174 (8) and Ti, T2, and f2 (14, 18) and of a bacteriophage of Arthrobacter sp. (40) by M and Dowex 50 (a cation-exchange resin) was also correlated, in part, with the CEC of the adsorbents. Conversely, Goyal and Gerba (22) phages, and a simian rotavirus, but their conclusions may have been inaccurate, as their centrifugation speed (2,500 x g for 5 min) may have been too low to remove virus-soil particulates from the supernatant. Consequently, their inoculation of cell cultures with supernatants containing particulate-associated viral particles may have enhanced (54), decreased (60), or had no effect (52) on infectivity, depending on the biophysical characteristics of the viruses and the physicochemical characteristics of the soils studied (S. M. Lipson and G. Stotzky, in A. Misra, ed., Virus Ecology, in press). The adsorption of coliphage Ti and, to a lesser extent, T7 by K and M was related to the anionexchange capacity of the clays, as blockage of positively charged sites by pretreatment of the clays with sodium metaphosphate decreased virus adsorption (53) .
The exterior of a reovirus is composed of a protein coat (capsid), which, in turn, is composed of individual polypeptide capsomers. which probably account for the low isoelectric point (pI) of the virus (pI = pH 3.8 [55] ).
The surface pH (pHj) of clay minerals is presumably 3 to 4 units lower than the bulk pH (pHb) of the suspension (6, 61), which may explain, for example, the requirement for a higher pHb for the same microbial activity in soil than in solution (36) and, at pHb = 6.5, the decreased infectivity titer of a clay-associated actinophage (60) . The acidity at the clay surface (pHj) probably resulted in proton (H+) transfer (protonation) from the surface of the clay to the reovirus, followed by cation exchange between the net negatively charged clay and the now net positively charged virus.
van der Waals forces of attraction and hydrogen bonding may also have been involved in the adsorption of the virus to the clay. Greenland et al. (24) , for example, emphasized the significance of van der Waals forces in the adsorption of amino acids at or near their pI to clays in the absence of proton or cation exchange, and Stotzky (58) pointed out the importance of hydrogen bonds in the binding of proteins to clays at pHb values above the pI of the proteins.
(ii) Effect of surface area and surface charge density of the clays on adsorption of reovirus. The adsorption of reovirus by clay minerals with a natural mixed cation complement was plotted as a function of the surface area of K (15 m2/g) and the external (82 m2/g) and total (750 m2/g) surface area of M (63) (Fig. 6) . Adsorption was not related to surface area, regardless of whether the clays were suspended in synthetic estuarine or distilled water, as the isotherms for each clay and in each water were discrete and the points for the two clays did not fall on the same isotherms. Adsorption was also not related to surface charge density (CEC per specific surface) of the clays, which was meq/m2 for M. These data indicate further that CEC was the major characteristic of the clays involved in the adsorption of the virus.
Equilibrium adsorption isotherms constructed from data obtained with homoionic M and K showed that more reovirus was adsorbed at lower clay concentrations by M homoionic to Ca, Al, Na, or Mg than by comparable quantities of K homoionic to the same cations (Fig. 7) . The sequence in the amount of adsorption to homoionic M was Al > Ca > Mg > Na > K, and the sequence of adsorption to K was Na > Al > Ca > Mg > K.
The reovirus may have been better able to compete with monovalent Na ions for exchange sites on K, as cations of higher valence are bonded with a higher energy and cannot be as easily replaced (27 6 . Effect of (specific) surface area on the percent adsorption of reovirus by M and K with a natural mixed complement of cations in synthetic estuarine and distilled water. Symbols: A and l, external surface area of M; 0 and 0 total surface area of M. Mean ± standard error of the mean. adsorption of K homoionic to K ions may appear anomalous, this was probably the result of the higher bonding energy of K ions, as a result of their relatively smaller hydrated ionic radius (64) , than of the other cations. Similar data were obtained by Sykes and Williams (60) , in that adsorption of actinophage f6 of Streptomyces sp. was greater to K homoionic to Na than to K homoionic to Ca or Al.
The ionic size and geometric configuration of K ions results in their entrapment between the basal oxygen sheets of expanding 2:1 clays (5), and the low adsorption of reovirus to M homoionic to K ions was probably the result of the collapsing of the clay lattices, which prevented expression of the interlayer-derived CEC. The high amount of adsorption of reovirus to M homoionic to Al may have been related to the sufficient reduction of the electrokinetic potential of the particles by the polyvalent cation, in accordance with the Schulze-Hardy rule (48) , to allow the net negatively charged virus to come close enough to the net negatively charged clay for protonation of the virus and then its adsorption by cation exchange. The greater adsorption of reovirus to low concentrations of M homoionic to Na, Ca, and Mg than to comparable quantities of K homoionic to the same cations was probably the result of the higher CEC of M.
The type of cation saturating the exchange complex of a clay affects the adsorption of proteins (27) , amino acids, peptides (12; T. D. Dashman and G. Stotzky, Soil Biol. Biochem., in press), viruses (60), nucleosides (32) , and nucleotides (39) . A clay mineral containing a predominance of one cation may not display the same adsorptive behavior as the same clay homoionic to the same cation. For example, the adsorption of atrazine by a bentonite that contained M saturated predominantly by Na (R. F. Revson and Co.) was not as great as that of M homoionic to Na (Wyoming bentonite, Clay Mineral Repository, Department of Geology, University of Missouri, Colorado) (7). Browne et al. (7) suggested that a "screening effect" may have existed as a result of small amounts of Ca (7.1%) and Mg (2.7%) on the exchange complex of the bentonite from Revson.
(iii) Varied concentrations of reovirus and constant concentration of clay. Adsorption isotherms were constructed from experiments wherein the concentration of the clays, either saturated with a natural mixed complement of cations or homoionic to Na, was maintained constant and the concentration of reovirus was varied. The linear or constant partition (C)-type (21) adsorption isotherms obtained (Fig. 8) concentration was maintained constant and the clay concentration was varied, as the adsorption isotherm displayed a plateau ( Fig. 1 and 2 ). Larger amounts of clay (i.e., 2.5 to 45 mg of M and 30 to 500 mg of K per ml of synthetic estuarine and distilled water, respectively) were apparently necessary to remove close to 100%6 of the input virus population, probably as a result, in part, of the entrapment of the virus between the clay particles during centrifugation.
The C-type adsorption isotherm has been interpreted (21) (28) showed that adsorption of catalase by M homoionic to various cations did not result in expansion of the clay (electron microscopy showed that catalase was adsorbed and bound primarily on external sites), even though the adsorption and binding isotherms were classified as C-type (58). Albert and Harter (3) and Harter (26) reported that Ctype binding isotherms can be obtained when the pHb is higher than the pI of the protein and that alteration of surface characteristics (e.g., type of cation saturating the exchange complex, decrease in pHj) can change the shape of the isotherm.
The C-type adsorption isotherms obtained also indicated that a fixed proportion of reovirus was adsorbed, regardless of the concentration of virus added. This may have been the result of a heterogeneity in the net charge of the virus particles within a given population. Lance and Gerba (33) reported that the percentage of virus adsorbed to soil at various depths was approximately the same, regardless of virus concentration; they suggested that this was the result of differences in the net negative charge of individual viral particles within the population and that dilution of the virus did not change the percentage of charged particles and, consequently, the percentage adsorbed at each soil depth. Burge and Enkiri (9) showed that at least two populations of coliphage 4X174 were distinguishable by the rate at which they were adsorbed by soil.
Experiments designed to investigate the influence of reovirus heterogeneity on adsorption showed that more than 90% of the virus remaining in the supernatant after centrifugation of the virus-clay complex was adsorbed by 1 mg of fresh K or M (Fig. 9) . The removal from the supernatants of more than 90% of the nonadsorbed virus by fresh 1-mg samples of clay and the inability oft mg K virus (Fig. 1 ) may have resulted from the blockage of adsorption sites on the clay by the preferential adsorption of noninfectious virus particles. Noninfectious particles, identified as components within reovirus populations by genetic analyses (2) and reaction to proteolytic enzymes (1), are termed defective interfering and potentially infectious particles, respectively.
Ahmed and Fields (2) showed that defective interfering particles of reovirus type 3 are genetically heterogeneous, contain multiple mutations, and, most importantly, have a mutation on the S4 RNA segment. This segment encodes for the ur3 outer capsid polypeptide, which is necessary for the infectivity of reovirus type 3 (13) .
Effect of cations on adsorption of reovirus by clay minerals. The addition of 10' or 10-2 M Mg or of 10-2 M Ca or K ions to distilled water enhanced the adsorption of reovirus to K, but significantly less virus was adsorbed in the presence of 10-3 M Na or K ions than in distilled water alone, and 10-2 M Na or 10-3 M Ca ions did not significantly affect the amount of adsorption. Adsorption to M was enhanced by 10-2 M Mg or Ca ions but not by 10-2 or 10-3 M Na or by 10-3 M Mg or Ca ions. Adsorption to M was significantly less in the presence of 10-2 or 10-3 M K ions than in distilled water alone (Fig. 10) . These data explain the better adsorption of reovirus to the clays in synthetic estuarine than in distilled water, as the concentrations of cations added approximated those in the synthetic estuarine water. The cations probably suppressed the thickness of the diffuse double layer, thereby permitting the net negatively charged reovirus and clay particles to approach each other sufficiently for adsorption by physical forces (e.g., van der Waals forces, hydrogen bonding) and protonation to occur at the virusclay interface. These concepts of colloid chemistry have been used to explain surface interactions between clays and microbial cells (47, 48) and viruses (51, 53) and the adsorption of viruses to host cells (4, 17, 43) and to a cation-exchange resin (44) . Adsorption of coliphage T2 to K (10), of encephalomyocarditis virus to M (51), and of poliovirus and coliphage T7 to M and K (38) was enhanced by the addition of divalent cations to the suspensions. Consequently, numerous investigators routinely employ Ca in their bentonite concentration procedures for the recovery of viruses from soil (50) and sewage (62) . Estuarine and freshwater ecosystems are characterized, in part, by fluctuations in salinity and by different concentrations and types of dissolved salts, respectively. These aquatic systems also reflect the inorganic and organic inputs from soils. The data presented in this study suggest mechanisms whereby reovirus, and possibly other enteric viruses, adsorb to naturally occurring particles (e.g., clay minerals) characteristic of these environments. The persistence of enteric viruses in aquatic and terrestrial environments has been related to their adsorption onto naturally occurring inorganic particulates such as clay minerals. The data presented in this study may be applicable to environmental virology, especially to techniques of virus concentration and isolation in environmental monitoring and pollution assessment studies.
